Comparison of the amino acid sequence of Bacillus subtilis threonine synthase with the National Biomedical Research Foundation protein sequence library revealed a statistically significant extent of similarity between the sequence of the tryptophan synthase f chain from various organisms and that of threonine synthase. This homology in the primary structure of threonine synthase and tryptophan synthase j8 chain, which catalyze the last step in the threonine and the tryptophan biosynthetic pathways, respectively, correlates well with some of their catalytic properties and indicates that they have evolved from a common ancestor. The evolutionary relationship between these enzymes supports the hypothesis that primitive enzymes possessed a broad substrate specificity and were active in several metabolic pathways.
One of the difficulties in understanding the mechanisms whereby multistep metabolic pathways have evolved is the apparent lack of any selective advantage conferred by individual steps of the pathway prior to the establishment of the whole pathway. Horowitz (1) proposed that evolution of such pathways proceeded in a stepwise manner, with individual steps being recruited in the reverse direction relative to the final pathway-i.e., the last step in a pathway was acquired first, the penultimate step next, and so on. From considerations of the substrate ambiguity exhibited by contemporary enzymes, Jensen (2) suggested an alternative hypothesis that primitive enzymes possessed a very broad specificity, permitting them to utilize a wide range of structurally related substrates, thereby yielding small amounts of erroneous products. This process would have provided a biochemically diverse environment in which individual enzyme recruitment would improve the function of a slow, but already existing, multistep sequence.
Jensen's proposal is supported by the recent discovery of sequence similarity between enzymes catalyzing consecutive steps in the methionine biosynthetic pathway (3) and also between two enzymes catalyzing consecutive steps in the isoleucine biosynthetic pathway (4). Here, I report amino acid sequence comparisons that suggest a common evolutionary origin for threonine synthase and tryptophan synthase /8 chain, the enzymes involved in the last step of the threonine and tryptophan biosynthetic pathways, respectively. The sequence similarity detected correlates well with similarities in some catalytic properties of these enzymes, despite the fact that the pathways in which they act are unrelated.
MATERIALS AND METHODS
The computer program FASTP of Lipman and Pearson (5) was used to compare individual sequences with each protein sequence present in a given library. The statistical significance for the comparison of a pair of proteins was tested using the RDF computer program (5) .
The protein library of the National Biomedical Research Foundation was used as the amino acid sequence data base.
To avoid insignificant signals, the protein library was restricted to the sequence of enzymes (618 sequences). The results were then checked using the whole data base.
RESULTS
The computer program FASTP (5) was used to compare the sequence of Bacillus subtilis threonine synthase (4) with the sequences of all the enzymes in the National Biomedical Research Foundation protein library. The histogram of the initial scores for the 618 comparisons is shown in Fig. 1 . B. subtilis threonine synthase is clearly more closely related to the tryptophan synthase ,3 chains from Salmonella typhimurium and Escherichia coli (with similarity values of 64 and 55, respectively) than to all other enzymes in the library, including E. coli threonine synthase (similarity value of 39). The other sequence showing similarity with B. subtilis threonine synthase is that of Saccharomyces cerevisiae threonine dehydratase, as previously noted (4) . On the other hand, the sequence of S. cerevisiae tryptophan synthase / chain, although present in the library, is not clearly resolved from the sequences of the bulk of the other enzymes. The sequences of B. subtilis and Pseudomonas aeruginosa tryptophan synthase B chain were not present in the library. After optimization (5), the similarity values for the comparison of B. subtilis threonine synthase with S. typhimurium, E. coli tryptophan synthase /3 chain and E. coli threonine synthase amino acid sequences were 86, 77, and 100, respectively, confirming that the closest relationship is between the threonine synthases, as might be expected.
To ascertain the statistical significance of the similarity detected between B. subtilis threonine synthase and S. typhimurium tryptophan synthase p chain, the two sequences were compared using the RDF computer program (5). Comparison ofB. subtilis threonine synthase with S. typhimurium tryptophan synthase p chain (6) and with 100 randomly permuted versions of the latter gave, for the comparison of the two initial sequences, a similarity value corresponding to 7.8 SD above the mean of random sequences. According to Lipman and Pearson (5), this value indicates a significant degree of relatedness. Fig. 2 shows the alighment of the B. subtilis threonine synthase and B. subtilis tryptophan synthase /3 chain (7) sequences: 9 gaps have been introduced in the sequences, 2 of which account for a total of 29 positions, the 7 others for 11 residues. Of the remaining 334 compared positions, 71 are occupied by identical residues (21%) and 48 by conservative replacements (as defined in legend of Fig. 2 (Fig. 3) (4) and B. subtilis tryptophan synthase (7) (11, 12) , threonine dehydratase (13) , and tryptophan synthase f8 chain (14) is shown in the box. The pyridoxal phosphate-catalyzed tautomerization of the double bond from ,-y to a-,8 carbons involved in some of these reactions is not presented. Inorganic phosphate, ammonia, and water, the by-products of the reactions, are omitted for clarity. acrylate (for tryptophan synthase) or a-aminocrotonate (for threonine synthase). Moreover, tryptophan synthase can catalyze the conversion of 2-amino-3-butenoic acid (vinylglycine; see Fig. 3 ) to a-ketobutyrate and ammonia via formation of an a-aminocrotonate Schiff base intermediate (14) . Tryptophan synthase P2 can thus lead to the same reaction intermediate as that found in the threonine synthase and threonine dehydratase reactions and can yield the same product (Fig. 3) . In addition, threonine synthase catalyzes a reaction similar to and shares amino acid sequence homology with threonine dehydratase (4), which, like tryptophan synthase, is also endowed with serine dehydratase activity. Interestingly the lysine residue of tryptophan synthase, which binds pyridoxal phosphate (8) , is present in a region conserved not only in threonine synthase (arrow in Fig. 2 ) but also in threonine dehydratase and in D-serine dehydratase (4) . No common feature was detected between the sequences of the pyridoxal phosphate binding sites of various other enzymes (15) . Therefore, the conservation of this region in the threonine synthase and tryptophan synthase p-chain sequences strongly supports the relationship between these enzymes.
The similarity in the catalytic mechanisms and the high similarity in primary structures indicate a common evolutionary origin for threonine synthase and tryptophan synthase. This is in contrast to other enzymes, such as tryptophanase and tryptophan synthase, which, while catalyzing similar reactions, do not share any sequence similarity (6, 16) .
The evolutionary relationship demonstrated here between enzymes involved in the terminal step of two biosynthetic pathways as different as those of tryptophan and threonine was unexpected. This observation strongly supports Jensen's hypothesis (2) that ancestral organisms produced a relatively small number of enzymes with flexible substrate specificity acting in several metabolic pathways. In the case of the threonine synthase, threonine dehydratase, D-serine dehydratase, and tryptophan synthase p-chain family, the ancestral enzyme may have been endowed with many activities centered around the pyridoxal phosphate-dependent stabilization of a-aminoacrylate or a-aminocrotonate intermediates. Although threonine synthase, threonine dehydratase, and tryptophan synthase p chain primarily catalyze different classes of reactions, they are still endowed with common overlapping activities such as the threonine dehydratase activity of threonine synthase, the serine dehydratase activity of threonine dehydratase and tryptophan synthase p chain, and the p-elimination reaction catalyzed by tryptophan synthase p chain on the 4-carbon substrate vinylglycine. Whether or not the ancestral enzyme was readily able to perform the primary reactions catalyzed by the present-day threonine synthase and tryptophan synthase remains speculative. It is also probable that some of the reactions catalyzed by the ancestral enzyme could have yielded deleterious metabolites such as the product of the condensation of indole with a-aminocrotonate. Gene duplication followed by mutations leading to specialization in the substrate specificity of the encoded proteins may thus have been selected not only to improve the efficiency of the enzyme in a given way, but also to eliminate unwanted reactions. hi the case of tryptophan synthase , chain, such a specialization could also have involved its close association with the a chain, channeling indole into the catalytic site of the p subunit and preventing its serine dehydratase activity (9, 10) .
